Platelet release by megakaryocytes is regulated by a concert of environmental and autocrine factors. We previously showed that constitutively released adenosine diphosphate by human megakaryocytes leads to platelet production. Here we show that adenosine diphosphate elicits, in human megakaryocytes, an increase in cytosolic calcium concentration, followed by a plateau, which is lowered in absence of extracellular calcium, suggesting the involvement of Store-Operated Calcium Entry. Indeed, we demonstrate that megakaryocytes express the major candidates to mediate Store-Operated Calcium Entry, stromal interaction molecule 1, Orai1 and canonical transient receptor potential 1, which are activated upon either pharmacological or physiological depletion of the intracellular calcium pool. This mechanism is inhibited by phospholipase C or inositol-3-phosphate receptor inhibitors and by a specific calcium entry blocker. Studies on megakaryocyte behavior, on extracellular matrix proteins that support proplatelet extension, show that calcium mobilization from intracellular stores activates signaling cascades that trigger megakaryocyte adhesion and proplatelet formation and promotes extracellular calcium entry which is primarily involved in the regulation of contractile force responsible for megakaryocyte motility. These findings provide the first evidence that both calcium mobilization from intracellular stores and extracellular calcium entry specifically regulate human megakaryocyte functions.
INTRODUCTION
Megakaryopoiesis is the process by which bone marrow megakaryocytes (Mks) are derived from pluripotent hematopoietic stem cells to produce platelets. During differentiation Mks migrate from the osteoblastic to the vascular niche in response to Stromal-derived factor-1α (SDF-1α). 1 Once in proximity of the vasculature, Mks convert their cytoplasm into branching filaments called proplatelets, which protrude into the sinusoid lumen, where platelets are released. 2 A growing body of evidence indicates that the characteristics of the extracellular matrix (ECM) structure and composition surrounding
Mks play an important role in the regulation of platelet production. 1, 3, 4 Moreover, early during megakaryopoiesis, Mks develop platelet-specific granules, which release their contents supporting Mk development. 5, 6 Among these, we recently demonstrated that Mks constitutively release adenosine diphosphate (ADP) which promotes proplatelet formation by interacting with its receptor P2Y 13 . 7 Most importantly, we described that patients with Delta-Storage Pool Deficiency (δ-SPD), a congenital bleeding diathesis characterized by deficiency of dense granules and their constituents (including ADP) in Mks and platelets, display in vivo a significantly higher prevalence of thrombocytopenia than those observed in other disorder of primary hemostasis. 7 However, the exact mechanisms by which matrix components and soluble factors coordinate to regulate platelet release are still unknown.
The increase in cytosolic calcium concentration ([Ca 2+ ] i ) has been described to be required for interaction with the extracellular environment in different human cell types. 8, 9 Interestingly, extracellular nucleotides and purinergic receptors are critically involved in mediating this interaction with changes in [Ca 2+ ] i . 10, 11 Mks express all P2Y G-proteincoupled receptors (GPCRs) for purine and pyrimidine nucleotides 7 and all G-proteins coupled to Ca 2+ signaling activation. 12 Among the known P2Y receptors that bind ADP only P2Y 1 and P2Y 13 have been recognized to mediate an increase in [Ca 2+ ] i , via the phosholipase C (PLC) pathway. [13] [14] [15] [16] [17] Specifically, PLC activation leads to the generation of 4 the second messengers inositol 1,4,5-trisphosphate (IP3) which diffuses within the cytosol to bind to and activate the IP3 receptors (IP3Rs) in the endoplasmic reticulum (ER), the most abundant intracellular Ca 2+ store. 18 This results in cytoplasmic Ca 2+ elevation that can be separated into two distinct phases. In the first phase, Ca 2+ is released from intracellular stores via the IP3Rs. In the second phase, the decrease in ER Ca 2+ content causes the activation of plasma membrane Ca 2+ channels resulting in the influx of extracellular Ca 2+ inside the cells, a mechanism that has been termed Store-Operated Ca 2+ Entry (SOCE). 19 The prime candidates to mediate SOCE in hematopoietic cells are STIM and Orai proteins. 19 More specifically, STIM1 (stromal interaction molecule 1) is the transmembrane ER Ca 2+ sensor that translocates in close proximity to the plasma membrane upon store depletion and activates Orai1 (also known as calcium-releaseactivated calcium-modulator, CRACM), the pore-forming subunit of store-operated Ca 2+ channels. 19 The role of the additional STIM1 and Orai1 paralogues, i.e. Stim2 and Orai2-3, is far from being fully understood in naïve cell systems, albeit they may recapitulate SOCE when ectopically expressed. 19 Moreover, several evidences demonstrated that members of the canonical transient receptor potential (TRPC) family of cation channels may represent additional candidates for SOCE. 20 Agonist-induced elevation of intracellular Ca 2+ levels is essential for platelet activation. To this regard, STIM1 and Orai1 proteins have been showed to be key players in human platelet SOCE during aggregation, 21, 22 whereas TRPC involvement has been questioned. 23, 24 Importantly, it has been demonstrated that SOCE plays a major role in mediating adhesion and motility onto ECM components of different cell types, including hematopoietic stem cells. 9 
METHODS
Human cord blood was collected from the local blood bank following normal pregnancies and deliveries with informed consent of the parents, in accordance with the ethical committee of the IRCCS Policlinico San Matteo Foundation and the principles of the Declaration of Helsinki. CD34 + cells from cord blood samples were separated by immunomagnetic bead selection (Miltenyi Biotec, Bologna, Italy) and differentiated, as previously described. 4 At the end of cell culture, Mks were harvested and plated onto glass cover-slips previously coated with different ECM components in order to evaluate cell adhesion, migration and proplatelet formation. All images were acquired by Olympus BX51 microscope (Olympus, Deutschland GmbH, Hamburg, Germany). In some experiments, before being seeded, cells were pre-incubated with the following substances, at the indicated final concentrations: apyrase 1 U/ml, ADP 25 µM, 2-APB 20 µM, U-73122 10 µM, BTP-2 20 µM.
We employed Ca 2+ imaging to investigate the expression and functionality of SOCE on the same extracellular matrix components. Specifically, Mks were loaded with 4 μ M fura-2 acetoxymethyl ester (AM) or 5 mM FLUO-3 AM and observed using an upright epifluorescence Axiolab microscope (Carl Zeiss) equipped with a Zeiss X63 Achroplan objective or a laser-scanning confocal microscope (Nikon, Eclipse TE300).
For all the experiments values are expressed as mean ± SD. Student's t-test was performed for paired observations. ANOVA, followed by the post-hoc Bonferroni t-test, was performed for grouped observations. Values of p<0.01 or p<0.05 were considered 6 statistically significant. All experiments were independently replicated at least 3 times, unless specified otherwise.
A completely detailed methods section is provided in Supplemental Methods.
RESULTS

ADP regulates proplatelet formation in adhesion on extracellular matrix components
During differentiation human Mks release ADP that support proplatelet formation. 7 In order to demonstrate whether ADP plays a role also in regulating Mk interaction with extracellular matrix components, Mks were differentiated in vitro starting from human cord blood derived CD34 + cells. At day 13 of culture, the percentage of mature CD41 + Mks was 93±5% and cells were able to extend long and branched proplatelet structure ending with platelet-sized tips (Supplemental figure 1A-C). Fully differentiated Mks were plated on two different bone marrow ECM components, fibrinogen and fibronectin, known to support Mk maturation and proplatelet formation. 3, 4 A time course analysis revealed that on fibrinogen Mks exhibit actin stress fibers, focal contacts and convoluted microtubules throughout the cytoplasm after 3 hours incubation, while, after 8 hours, they started to extend proplateletlike pseudopods that became more branched prolonging the incubation to 16 hours Figure 1D ). Similar results were obtained on fibronectin (Supplemental Figure   3 ). Conversely, no significant differences were observed in the same conditions in adhesion on type I collagen, which has been described to inhibit platelet release, 3 ] i with a clear plateau following the initial Ca 2+ peak ( Figure 2A ). Pre-incubation with MRS 2179 (10 µM), a highly specific inhibitor of P2Y 1 , or MRS 2211 (10 µM), the specific P2Y 13 inhibitor, significantly affected both the initial peak, and the extent of the plateau (Figure 2A and 2E) . However, the strongest inhibition was obtained by the latter, confirming a primary role for P2Y 13 Figure 3A -B), whereas we didn't detected significant amount of mRNAs for TRPC3/4/5/7. Expression of STIM1, Orai1, and TRPC1, the best characterized effectors of SOCE, was also confirmed in human CD61 + Mks by western blot ( Figure 3C ).
SOCE is functional in human megakaryocytes
In order to demonstrate the presence of a functional SOCE in human Mks, we exposed cells to cyclopiazonic acid (CPA, 10 µM), a widely employed activator of this mechanism. 27 Specifically, CPA blocks Sarco-Endoplasmic Reticulum Ca 2+ ATPase (SERCA) activity, thereby preventing Ca 2+ sequestration into the stores and leading to their depletion and SOCE activation. Figure 3D shows that STIM1 co-immunoprecipitates with both Orai1 and TRPC1, with a significant increase in cells subjected to store depletion as compared to not treated controls, thus suggesting the formation of a molecular complex among the three molecules under these conditions. In order to further confirm this evidence, we next carried Figure 3E ). Accordingly, 30 minutes pre-incubation with BTP-2 (20 µM) prevented SOCE ( Figure 3F ), whereas it did not affect the ER Ca 2+ content ( Figure 3F and 3G).
SOCE is engaged by human megakaryocytes in response to ADP and regulates cell adhesion and migration
SOCE recruitment by GPCRs is mediated by the PLCβ/IP3 pathway. 18 Thus, human Mks were treated with the selective pan PLCβ inhibitor, U-73122 (10 µM), 28 and that of IP3Rs, which is typical of SERCA-inhibiting drugs (see, for instance, the tracing displayed in Figure 4B ). Moreover, we have previously utilized 10 µM U-73122 to selectively impair PLC activity in a variety of cell types. were obtained on fibronectin (data not shown).
ADP-induced Ca 2+ mobilization activates megakaryocyte downstream signaling
To assess the role of ADP-induced Ca 2+ signals we investigated the activation of molecules relevant for proplatelet formation and/or Mk adhesion and motility (i.e. the serine/threonine-specific kinase Akt, the mitogen-activated protein kinases ERK, the tyrosine kinases FAK, Src Syk and the myosin light chain, MLC). 7, [32] [33] [34] [35] We showed that, ] i during interaction with this ECM component. 36 Importantly, we demonstrated that only type I collagen is able to inhibit proplatelet formation by sustained phosphorylation of MLC in human Mks. 34 Thus, we decided to test the role of 
DISCUSSION
Mk maturation and proplatelet formation in the bone marrow are consequent to an integrated concert of signals belonging to both extracellular environment and Mks themselves. 3, 4, 34 Importantly, it is known that different autocrine loops are fundamental modulator of Mk development. 5, 6 To this regard, we demonstrated that ADP is constitutively released by human Mks in vitro and it is a crucial molecule in the regulation of platelet production. 7 Importantly, we also described that patients with Delta-Storage Pool Deficiency, display in vivo a significantly higher prevalence of thrombocytopenia than those observed in other disorders of primary hemostasis. 7 Despite this knowledge, it has not been described yet whether or not soluble factors, that promote platelet release, can regulate Mk interaction with ECM components that support such a dynamic process.
In this study we pursued to unravel the mechanism underlying platelet production within a bone marrow ECM environment. We demonstrated that ADP promotes Ca 2+ release from intracellular stores which is responsible for the regulation of proplatelet formation and for the activation of SOCE. This latter promotes Mk adhesion and migration.
First, we showed that Mk interaction over fibrinogen and fibronectin requires the coordination of different cellular processes which operate in a cycle that can be divided into four critical steps: (1) early passive adhesion to ECM components; (2) Alexa Fluor-conjugated antibodies (Invitrogen, Milan, Italy 
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Solutions
Physiological salt solution (PSS) had the following composition: NaCl 150 mM, KCl 6 mM, CaCl 2 1.5 mM, MgCl 2 1 mM, glucose 10 mM, Hepes 10 mM. In Ca 2+ -free solution (0Ca 2+ ), Ca 2+ was substituted with NaCl 2 mM and EGTA 0.5 mM was added. Solutions were titrated to pH 7.4 with NaOH.
Megakaryocytes differentiation from human cord blood hematopoietic progenitor cells
Human cord blood was collected from the local blood bank following normal pregnancies and deliveries with informed consent of the parents, in accordance with the ethical committee of the IRCCS Policlinico San Matteo Foundation and the principles of the Declaration of Helsinki. CD34 + cells from cord blood samples were separated by immunomagnetic bead selection (Miltenyi Biotec, Bologna, Italy) and differentiated, as previously described. [3] [4] [5] At the end of the culture (13 th days), 1x10 5 cells were collected, cytospun on glass cover-slips, fixed in 4% paraformaldehyde (PFA) and stained with a primary antibody against CD61 (1:100) to evaluate megakaryocyte output. The cover-slips were mounted onto glass slides with ProLong Gold antifade reagent (Invitrogen, Milan, Italy) and images acquired using a Olympus BX51 (Olympus, Deutschland GmbH, Hamburg, Germany).
Flow cytometry analysis of in vitro differentiated megakaryocytes
For megakaryocyte analysis by flow cytometry, 2x10 5 cells at day 13 of culture or the whole cells that had migrated in the trans-well migration chamber system were collected and centrifuged at 250xg for 7 minutes. Cells were then incubated in PBS and stained with a FITC-conjugated antibody against human CD41, at room temperature, in the dark for 30 minutes. After incubation, samples were acquired with a Beckman Coulter Navios flow cytometer. Non-stained samples were used to set the correct analytical gating. Off-line data analysis was performed using Beckman Coulter Navios software package. At least 3 independent experiments were performed.
Evaluation of cell adhesion and proplatelet formation on extracellular matrix components
In order to analyze megakaryocyte adhesion and proplatelet formation onto different extracellular matrix components, 12 mm glass cover-slips were coated with 100 µg/ml fibrinogen, 25 µg/ml fibronectin or 25 µg/ml type I collagen, overnight at 4°C. Polylysine was used as neutral control compound. At day 13 of culture 1x10 5 Mks were harvested and allowed to adhere at 37°C and 5% CO 2 . After different time points (30 minutes, 3-8-16 hours), adhering cells were washed with PBS samples, fixed in 4% PFA, permeabilized with 0.1% Triton X-100, and stained for immunofluorescence evaluation with anti-α-tubulin antibody (1:700), TRITC-conjugated phalloidin (1:2500) and/or CD61 (1:100), as previously described. 3, 4 The cover-slips were mounted onto glass slides with ProLong ] i measurements were performed as previously described. 6 Briefly, 12 mm glass coverslips were coated with 100 µg/ml fibrinogen or fibronectin 25 µg/ml, overnight at 4°C. Mks at day 13 of culture were harvested and plated onto substratecoated cover-slips in 24-wells plates (1x10 5 cells/well). After 60 minutes at 37°C and 5% 
Study of store operated Ca 2+ entry effectors expression in human megakaryocytes
In order to evaluate the expression of the putative mediators of store operated Ca 2+ entry (SOCE) in human megakaryocytes, 1x10 6 cells/condition at day 13 of culture were lysed with Hepes-glycerol lysis buffer (Hepes 50 mM, NaCl 150 mM, 10% glycerol, 1% Triton X-100, MgCl 2 1.5 mM, EGTA 1 mM, NaF 10 mM, Na 3 VO 4 1 mM, 1 µg/ml leupeptin, 1 µg/ml aprotinin), as previously described. 5 In some experiments, before being lysed, cells were pre-incubated with ADP 25 µM or CPA 10 µM for 30 minutes at 37°C. Lysis was performed on ice for 30 minutes and lysates clarified by centrifugation at 15700xg at 4°C for 15 minutes. Finally, protein concentration was measured by the bicinchoninic acid assay (Pierce, Milan, Italy). Immunoprecipitation was performed, as previously described. 5 recommended by the manufacturers. In some experiments, after treatment megakaryocytes were let to adhere on fibrinogen and fibronectin coated cover-slips and analyzed by immunofluorescence microscopy or lysed, as described above. At least 3 independent experiments were performed for each assay.
RNA Isolation and Retro-Transcription
Cord blood derived-CD61 + Mks at day 13 of maturation were separated using the immunomagnetic beads technique (Miltenyi Biotec, Bologna, Italy) and total cellular RNA was extracted using the Mammalian GeneElute Total RNA Kit (Sigma-Aldrich), as previously described. primers were used. 6 The amplification reaction was performed in 25 µL using the MJ Min Personal Thermal Cycler (Biorad, Milan Italy). 20 µL PCR products were electrophoresed in 1% agarose gel or 20% polyacrylamide gel stained with ethidium bromide. At least 3 independent experiments were performed.
Cell Migration Assay
Cell migration assay was performed, with the trans-well migration chamber system (Merck Millipore, Milan, Italy), as previously published. 5, 8, 9 Briefly, 96-well plates with polycarbonate inserts having 0.3 cm 2 /well membrane area with 8 µm pore size were coated with 100 µg/ml of fibrinogen, as described above. Megakaryocytes at the end of the Finally, the membranes were washed again, cut out with a scalpel, and mounted onto glass slides. The assays were performed in triplicate wells for each condition described and each experiment was performed at least three times. Images were acquired using a 
